Abstract: Cod-ends are the rearmost part of trawl fishing gears. They collect the catch, and for many important species it is where fish selection takes place. Generally speaking they are axisymmetric, and their shape is influenced by the catch volume, the mesh shape, and the material characteristics. The shape of cod-ends is of importance as it determines mesh opening and consequently influences the selectivity of fish from the cod-end. Selectivity is the process whereby a gear retains large fish and releases small ones. In recent years, as many fish stocks have become more threatened, understanding the selectivity process has become more important. This paper presents a model of the deformation of an axisymmetric cod-end. The twine tension and the catch pressure acting on the knots of each mesh along the cod-end profile are calculated, and a Newton-Raphson scheme is used to estimate the equilibrium position of the netting. The software package developed to solve this problem is freely available. Comparisons are carried out with a previous model and experimental data.
INTRODUCTION
In general, commercial fishing operations are directed towards the capture of larger-size classes. In most instances, the capture of the target species is accompanied with an, often large, incidental catch of fish that are either below the statutory minimum commercial landing size or are non-target species. Bycatch constitutes approximately one-third of the total marine harvest worldwide, amounting to roughly 25 million tonnes of catch [1] . There is no doubt that these fisheries are catching a large proportion of juvenile fish, and this is one of the main reasons that many stocks are below safe limits.
There is an urgent need to develop methods for reducing such wasteful bycatch. Considerable effort has been directed towards improving the selectivity of trawls, and many experimental trials have taken place. These trials are generally very expensive and, owing to the large number of uncontrollable biological and environmental parameters, require a large number of repeat experiments to perform studies of sufficient statistical power. Consequently, the results of these types of trial are often inconclusive.
A promising way to proceed is to use predictive models of cod-end selectivity such as PRESEMO [2, 3] . PRESEMO is an individual-based structural model of the selection process in the cod-end of a trawl fishing gear. It models different populations of fish entering the cod-end during a haul, where each fish is assigned a range of biological and behavioural characteristics related to its morphology and its potential to make escape attempts. An escape attempt is considered successful if the fish can pass through the mesh nearest to where the escape attempt takes place. Fish that do not escape become exhausted and fall back and become part of the catch. In addition to the biological and behavioural information, PRESEMO requires information on the distribution of mesh opening along the cod-end and how it may vary during a tow as the catch builds up [4, 5] . The extent to which the cod-end meshes open is a function of the cod-end design, the catch size, and the cod-end hydrodynamics. In recent years, a number of models of netting deformation have been developed, two of which have been used in conjunction with PRESEMO, to predict cod-end geometry and hence the openness of the meshes. O'Neill [6, 7] derives differential equations that govern the geometry of axisymmetric cod-ends for a range of different mesh shapes, whereas Priour [8, 9] has developed a more general three-dimensional finite element method (FEMNET) model of netting deformation. Both of these models can take into account the elasticity and bending stiffness of the component twines, cod-ends of a range of mesh shapes, and the hydrodynamic forces that act on the netting material and cod-end catch. The accuracy of their predictions are compared by O'Neill and Priour [10] and is found to be very good. Furthermore, O'Neill and Herrmann [3] have used these models with PRESEMO to predict the selectivity of a large range of cod-ends of varying design and have validated the selectivity predictions with experimental data.
In this paper, a further axisymmetric model of cod-end geometry is developed by looking at the force balance on the twine elements on a row along the cod-end length. The advantage of this model over those above is that it is easy to implement, and its solution does not depend on the use of licensed software. Hence, it will be freely available and easy to incorporate into simulation packages such as PRESEMO.
FORCES ACTING ON THE COD-END NETTING
The geometries of cod-ends made of diamond-, square-, rectangular-, and kite-shaped netting are investigated. By assuming axisymmetry, the cod-end geometry can be determined by examining the nodes belonging to one row of twine along the cod-end length (Fig. 1) . The approach consists of three steps. Firstly, an initial position of these nodes, consistent with the boundary conditions, must be defined. Then, the forces acting on these nodes are calculated. Finally, using the Newton-Raphson method, the equilibrium position of these nodes is evaluated.
The forces that act on the cod-end are the twine tensions and the hydrodynamic forces. As shown by O'Neill and O'Donoghue [11] , the hydrodynamic forces that act on the unblocked netting are negligible in comparison with the pressure forces acting on the netting where the catch blocks the meshes. Consequently, it is only necessary to consider the twine tensions and the pressure forces that act in the region of the catch.
Twine tensions

Diamond-mesh cod-ends
The nodes along the calculated twine are numbered from 1 to n (Fig. 2 ). They are defined by the x coordinate along the axis of the cod-end and by r, is the angle defined by one row in the plane normal to the cod-end axis, n m is the number of meshes around the circumference, and
From these coordinates, the length of the twine between two consecutives nodes (i, i + 1) is
and, in the hypothesis of elastic twine, the magnitude of the tension in the twine is
where E is Young's modulus of the material of the twine (N/m 2 ), A is the twine cross-sectional area (m 2 ), and l 0 is the unstretched length (m); EA is the stiffness of the twine (N), which is set to zero when the twine is in compression. Accordingly, the tension vectors acting on node i (in Cartesian coordinates) are
To calculate the axial and radial components of these forces on each extremity of the twine, these vectors are multiplied by the unit axis and radial vectors (Fig. 3) , where the unit axis vector is
and the unit radial vector is 
Square-mesh cod-ends
Square-mesh cod-ends have twines that are either in the circumferential or in the meridional direction (Fig. 4) . The circumferential twines are in planes that are normal to the cod-end axis, while the meridional twines are in planes including the cod-end axis.
Twine tension along the circumference. At a node i there are two circumferential twines, both of which have length
where a is the angle at the axis in the circumferential plane shown in Fig. 5 and is defined as where n b is the number of mesh bars in circumference. As before, the magnitude of the tension in these twines is
The corresponding vector in Cartesian coordinates is
which has no component in the direction of the codend axis and where the sign of the y component depends on which of the two twines is being examined.
Twine tension along the meridian. The length of twine i along the meridian is (Fig. 6 )
and the magnitude of the tension acting between the nodes i and i + 1 is
Hence, the tension vectors acting in the direction of the meridian acting on node i are 
Rectangular-mesh cod-end
The tensile forces acting on the nodes of a rectangular-mesh cod-end are similar to those acting on the nodes of a square-mesh cod-end, except that the circumferential and meridional mesh bars have a different unstretched length.
Kite-mesh cod-end
The tensile forces acting on the nodes of a kite-mesh cod-end are similar to those acting on the nodes of a diamond-mesh cod-end, except that the unstretched lengths of the forward and rear mesh bars of a kiteshaped mesh are different.
Catch pressure
The studies of O'Neill et al. [12] and Priour and
Herrmann [4] demonstrate that the hydrodynamic forces that act on the catch in the cod-end result in the catch exerting a pressure force on the cod-end netting that can be described by
where P is the pressure due to the catch (N/m 2 ), r is the water density (1025 kg/m 3 ), C d is the drag coefficient on the catch (C d 5 1.4, [13] ), and V is the towing speed (m/s). The axial and radial projections of the surface area associated with the node i are (Fig. 7 )
and hence the catch force acting on the netting at node i can be given by
These equations also hold for cod-ends made of kite-, square-, and rectangular-shaped netting, where, for square and rectangular meshes, h is replaced by a.
Solver
The force components are summed at each node and the Newton-Raphson scheme is used to assess the equilibrium position. This method is an iterative method where, for each iteration k, the displacement of the nodes is calculated by the equation
where h is the displacement vector of the nodes (m), F(X) is the force vector on the nodes (N), and 2F9(X) is the stiffness matrix calculated as the derivative of F relative to X (N/m).
The position at the next iteration (k + 1) is then calculated by X k + 1 5 X k + h k . This process is repeated until the residual force, F(X), is less than a predefined amount.
Boundary conditions are set at each end: one that specifies the entry diameter to the cod-end and the other that sets it to zero at the last node where the cod-end is tied closed. It is also necessary to define an initial position of the nodes along the cod-end, which here is assumed to be a straight line between the fixed boundaries that is the length of one row of twines. Thus, the initial shape of the cod-end is a cone.
RESULTS
Diamond-mesh cod-end
A number of simulations were carried out to predict the geometry of cod-ends made from diamond-, square-, rectangular-, and kite-shaped meshes. The results are presented in Figs 8 to 9 . In the first of these (Fig. 8) , the geometry of a diamond-mesh cod-end, 54.5 meshes in length and 50 meshes in circumference, with a full mesh size of 110 mm and a catch length of , and the calculated drag on the cod-end is 573 N for a towing speed of 1 m/s. These results are compared with experimental data from flume tank experiments [13] and are in good agreement.
Square-mesh cod-end
In Fig. 9 the geometry of a cod-end of square-mesh netting that is 109 meshes in length and 100 meshes in circumference is presented. The full mesh size (i.e. two bar lengths) of the netting is 100 mm, and the catch length in this example is 0.70 m. The calculated volume is 1.345 m 3 and the drag on the cod-end is 6340 N. A comparison is made with the model of Priour [8] , and again the results are in very good agreement. Figure 10 shows the geometry of a rectangular-mesh cod-end. As in the last example, the cod-end is 124 meshes in length and 100 meshes in circumference. The mesh size is again 100 mm, but the mesh dimensions are such that the mesh bars in the direction of the cod-end length are 38 mm and those around the circumference are 72 mm. The catch length is again 0.70 m. Although the parameter values are similar to those of the square-mesh example in Fig. 9 , the dimensions of the rectangular mesh used here result in an overall cod-end geometry that is shorter and wider.
Rectangular-mesh cod-end
Kite-mesh cod-end
The cod-end presented in Fig. 11 is made from kiteshaped netting where two of the mesh bars are 38 mm in length and the other two are 72 mm, and the meshes are symmetrical across the meridians. Thus, the mesh size is 110 mm. The cod-end has 54.5 meshes in length, 100 meshes in circumference, and a catch length of 0.7 m. The effect of the kite-shaped mesh, relative to the diamond mesh, is to reduce the cod-end diameter in the region of the catch and slightly increase the cod-end length.
DISCUSSION
As can be seen from Figs 8 and 9 , the results of the model presented in this paper agree very well with the cod-end geometries predicted by Priour's model [9] and measured in a flume tank. The only forces taken into account by this new model are the twine tensions and the catch force. A number of other factors such as twine bending stiffness and the hydrodynamic drag on the twines have not been considered. While O'Neill and O'Donoghue [11] have shown that the hydrodynamic drag on the twines is negligible in comparison with the catch pressure forces, twine bending stiffness can be important for netting made from polyethylene. This material is used by many sectors of the fishing industry, some of which have, in recent years, begun to use thicker and stiffer twines in the codend, leading to a reduction in selectivity of their fishing gears. The models of O'Neill [7] and Priour [9] can account for these factors, but they either depend on licensed software or are three-dimensional and relatively slow. The advantage of the model developed here is that it will be freely available and converges quickly (a few seconds for calculating the geometry of a given cod-end for a given catch size on a normal desktop computer). Hence, it is very suitable for use in situations where the geometry of a large number of different codend designs needs to be calculated over a wide range of catch weights and for incorporation into selectivity simulation models such as PRE-SEMO [2] .
Nevertheless, to broaden its applicability and to be able to use it to predict the geometry of the full range of cod-ends used by the commercial fishing industry, the model is being developed to include twine bending stiffness and factors such as netting orientation and netting made from mesh shapes such as hexagonal.
It should also be possible to use this approach to examine the dynamic case. O'Neill et al. [14] have shown that sea-state-induced vessel motion can cause the cod-end to oscillate longitudinally, which may influence cod-end selection. A dynamic model of the deformation of the cod-end has been developed by O'Neill and Neilson [15] but, as above, its solution depends on licensed software.
